Transitional phases in development are associated with specific behaviors within specific social contexts. For example, infants of many altricial species, including birds, dogs and primates, learn attachments to their caregivers despite diverse environments that include both positive and noxious stimulation[@R1], [@R2]. These early conditioned preferences promote attachment to the mother and encourage infants to remain in proximity to the mother, regardless of the quality of care. This can be considered a prerequisite for both attachment, which consists of enhanced approach and attenuated avoidance and safety learning in that the learned cues, both positive and negative, signal the safety of the dam and nest[@R2]. However, with maturation, the infant transitions out of the specialized attachment learning. Since our understanding of mechanisms that control developmental transitions is limited, we used an attachment/fear transition model system to explore the amygdala neural changes underlying this transition.

To understand mechanisms within the amygdala that mediate early preference learning and the corticosterone-induced switch to aversion learning, we used an olfactory odor-shock learning paradigm to condition rat pups to learn an odor preference at 8 days of age (postnatal day 8; PN--8) or an odor aversion at the same age when treated with corticosterone. We also tested 12-day-old animals (PN--12) that normally learn an aversion. Between these ages (at 10 days of age) pups transition from odor-shock preference learning to more adult-like amygdala dependent fear/odor-avoidance learning. There is an endogenous increase in shock-induced corticosterone that is essential for avoidance learning and induces the switch from odor preference to avoidance learning irrespective of age. The amygdala, which is rich in glucocorticoid receptors[@R3], only participates in conditioning during aversion learning, again regardless of age but dependent on corticosterone levels[@R4]--[@R6] ([Fig. 1](#F1){ref-type="fig"}).

For broad screening of possible phenotypic related changes within the amygdala we used microarrays (Affymetrix) to examine changes in gene expression. We determined significant differential gene expression using Ranked Products[@R7] followed by confirmatory quantitative PCR analyses ([Table 1](#T1){ref-type="table"}; also [Supplementary Methods; Supplementary Tables 1--3](#SD1){ref-type="supplementary-material"} online). One class of genes related to presynaptic dopamine function followed the behavioral phenotype: tyrosine hydroxylase (*Th*), the dopamine transporter (*Slc6a3; DAT*), dopa decarboxylase (*Ddc*), and the solute carrier 18a2 (*Slc18a2, VAT2*; which loads monoamines into vesicles). An aldehyde dehydrogenase (*Aldh1a1*), which is highly and specifically expressed in dopaminergic cells of the substantia nigra and ventral tegmental area[@R8], also followed the phenotype. At PN--8, each of these dopaminergic components was significantly downregulated in the odor-shock paired group compared to the controls. Conversely, pups learning an odor aversion (PN--8 corticosterone paired and PN--12 paired) showed significant upregulation of a subset of these dopamine related genes. At 12 days of age, four dopamine-related genes were significantly upregulated (*Th; Slc6a3; Slc18a2; Aldh1a1*). Most strikingly, pretreatment of PN--8 pups with corticosterone resulted in upregulation of *Th* and *Slc6a3*, similar to the PN--12 pups. Dopamine receptors (*Drd1a* and *Drd2*) were regulated in a phenotypic direction but opposite to that of the presynaptic markers. Other genes for other transmitter systems were up- or down-regulated by learning but not in a phenotypically specific manner ([Supplementary Tables 1--3](#SD1){ref-type="supplementary-material"}).

We then directly assessed amygdala dopamine efflux during odor-shock conditioning in 8--day--old pups using *in vivo* microdialysis with HPLC. Conditions that allow preference learning (without corticosterone) decreased dopamine efflux from the amygdala ([Fig. 2a](#F2){ref-type="fig"}); conditions that favor aversion learning (with corticosterone) increased amygdala levels of dopamine ([Fig. 2b](#F2){ref-type="fig"}). Pups receiving unpaired presentations showed less change in dopamine efflux than did paired pups (P \> 0.05) but in the same direction (see [Supplementary Figs. 1 and 2](#SD1){ref-type="supplementary-material"} online for metabolites). We did not see similar phenotypically consistent results with norepinephrine or serotonin efflux in the same samples (data not shown). These data are in concert with the adult literature on fear and safety learning and the role of dopamine within the amygdala[@R9]--[@R11].

The microdialysis experiments confirmed the microarray data and suggest that low levels of dopamine in the amygdala assist in preventing odor aversion learning in rat pups at young ages. To test this more directly, pups were implanted with bilateral amygdala cannulas at 6 days of age and returned to the nest (see [Supplementary Figs. 3 and 4](#SD1){ref-type="supplementary-material"} online for probe placements) [@R5], [@R6]. At 8 days of age, pups were infused with saline, dopamine or a dopamine receptor antagonist (cis-flupenthixol) during odor-shock conditioning and returned to the nest. The next day, a Y-maze test assessed odor preference/aversion learning. Infusions of dopamine into 8--day--old pups caused the age-typical odor preference learning to switch to aversion learning ([Fig. 2c](#F2){ref-type="fig"}). In contrast, blocking amygdala dopamine receptors in pups treated with corticosterone resulted in preference learning even though those receptors were upregulated at this age ([Table 1](#T1){ref-type="table"}; [Fig. 2d](#F2){ref-type="fig"}).

Infants are uniquely adapted to regulate transitions during development to insure that different age appropriate "safe" behavioral strategies are engaged. The experimental data and clinical experience suggest that attachment by the altricial infant to the caretaker has evolved to ensure that the infant forms a bond to that caregiver regardless of the quality of care received. Downregulation of the presynaptic elements of dopamine transmission within the amygdala may be one neural mechanism, at least in the rat, by which the amygdala is prevented from participating in avoidance/fear conditioning during attachment learning to the maternal odor. Importantly, the transition out of this specialized period of preference learning does not depend on the pups' age (within limits) but rather on corticosterone levels normally regulated by the mother. Thus dopaminergic activity "flips" from inhibition to activation in a circuit that includes at least the amygdala, fully consistent with phenotype not age and is likely responsive to levels of stress. The amygdala and the ventral tegmental dopaminergic cells contain glucocorticoid receptors [@R3], [@R12] and corticosterone enhances the firing rates of dopaminergic cells [@R13]. Rapid switches are crucial to survival for both adults and infants and the mechanisms required to react with age appropriate behaviors to similar stimuli in different contexts (e.g. stress) may predestine similar mechanisms in the adult. [@R14]

Our results closely parallel the role of dopamine in amygdala-dependent fear conditioning in the adult, where increased activation of dopaminergic neurons within the amygdala modulates fear related behaviors[@R9], [@R10]. Moreover, there are parallels between dopaminergic mechanisms within the amygdala that mediate the preference learning shown here and safety learning in the adult[@R10], [@R11]: 1) dopamine function is decreased in the amygdala; 2) dopamine agonists decrease preference learning and abolish the safety response; and 3) dopamine antagonists abolish aversion learning and enhance the safety response. Thus, processes that mediate preference learning in the young pup, and which serve to keep the pup safely within the nest and to foster attachment to the dam, may also code safety in the adult.
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![Role of shock on corticosterone and behavior. **(a)** Pups at 8 days of age are within the stress hypo-responsive period[@R15] when mild shock (0.5 mA) does not elevate mean plasma corticosterone levels. In contrast, injection of corticosterone in a saline vehicle (at 24 hours and 30 minutes before conditioning; 3.0 mg kg^--1^, i.p.) produces elevated plasma corticosterone levels following shock, equal about to that induced by mild shock at 12 days of age. (ANOVA: significant group effect; *F*~3,\ 9~ = 9.95, P \< 0.005). **(b)** Infant odor-shock conditioning paradoxically causes an odor preference in 8--day--old pups, although similar conditioning in 12--day--old pups causes an odor aversion. This odor aversion can be learned in 8--day--old animals if injected with corticosterone prior to conditioning. Control groups (unpaired odor-shock and odor-only pups) failed to learn either an aversion or preference, regardless of the age or corticosterone treatment. The dotted line represents chance performance. \[ANOVA: significant interaction between conditioning groups and drug treatment (*F*~4,49~ = 16.07, P \< 0.0001)\]. For all figures: bars represent means ± s.e.m.; blue indicates conditions under which preferences are learned and red indicates conditions under which aversions are learned.](nihms-141650-f0001){#F1}

![Dopamine efflux and manipulation. **(a)** Measurements of extracellular dopamine efflux within the amygdala at PN--8 before (baseline), during (conditioning) and after (recovery) conditioning. Paired odor-shock treatment, which normally produces an odor preference, decreased amygdala dopamine, whereas in PN--8 animals that normally learn an aversion after injection with corticosterone showed increased amygdala dopamine \[Data collapsed over 45 minute bins for presentation. significant interaction between conditioning groups × time; *F*~18,135~ = 88.81, P \< 0.0001\]; **(b)**. PN--8 pups learning an aversion (with corticosterone) had increased amygdala levels of dopamine \[significant interaction between conditioning groups × time; *F*~18,135~ = 71.87, P \< 0.0001\]. Post-hoc Fisher tests revealed that all Paired groups were significantly different from the control groups (P \< 0.001); **(c)** At 8 days of age, dopamine infused (3--6 μg 2 μl^--1^; 0.1 μl min^--1^ beginning 5 minutes prior to conditioning) into the amygdala resulted in a learned odor aversion during an odor-shock conditioning. Saline infused animals of the same age learned the expected preference for the odor \[condition × infusion interaction; *F*~1,17~ = 37.36, P \< 0.0001\]; **(d)** Blocking amygdala dopamine receptors with the receptor antagonist cis-Flupenthixol (20 μg 2 μl^--1^ as per dopamine) caused PN--8 pups receiving corticosterone to switch to an odor preference rather than the odor aversion seen with corticosterone injection during an odor-shock conditioning in the same aged rats \[interaction between conditioning groups, drugs infusion and corticosterone/saline; *F*~1,32~ = 17.79, P \< 0.0005\].](nihms-141650-f0002){#F2}

###### 

Microarray and PCR results

  8--DAY--OLD   8--DAY--OLD CORT   12--DAY--OLD                                                                 
  ------------- ------------------ -------------- -------- ------ ------- -------- ------ ---- ------- -------- ----
  *Aldh1a1*     .000               --2.03         --1.64   DOWN   0.584   1.30     2.21   UP   0.025   1.77     UP
  *Ddc*         .004               --1.95                  DOWN   0.782   --1.23               0.846   1.18     
  *Drd1a*       .020               2.12                    UP     0.212   --1.72               0.213   --1.40   
  *Drd2*        .192               1.44                    UP     0.417   --1.29               0.408   --1.33   
  *Slc18a2*     .001               --2.26                  DOWN   0.564   1.24                 0.070   1.80     UP
  *Slc6a3*      .000               --3.49         --4.97   DOWN   0.052   2.14     2.27   UP   0.016   2.25     UP
  *Th*          000                --3.32         --2.92   DOWN   0.003   1.89     1.82   UP   0.071   1.30     UP

**Note.** Comparisons are between pups for which odor was paired with shock compared to those for which odor and shock were unpaired. The p-value is corrected for multiple testing[@R7]. Fold change for the PCR data is by the delta-delta Ct method using *GADPH* as a control (see [Supplementary methods](#SD1){ref-type="supplementary-material"}). All animals were sacrificed immediately after conditioning. For PN--8 paired pups, all presynaptic markers were downregulated (blue) and both *Drd1a* and *Drd2* were upregulated (red). Aspects of other neurotransmitters changed but not in concert with the phenotype ([Supplementary Tables 1--3](#SD1){ref-type="supplementary-material"}). At 12 days that pattern was reversed, although not all probesets were significant. Likewise, and consistent with the behavioral data, CORT changed the pattern of gene expression from that of a PN--8 pup to that of a PN--12 pup when conditioned (again not always significantly). The "n\'s" for the PN--12 (n = 4) and PN--8 CORT pups (n = 3) treated pups were smaller than those for the normal PN--8 pups (n = 7), which might account for the fewer significant effects. The University of Oklahoma IACUC committee approved all experiments. Data are on deposit in GEO (Accession code: GSE17651).
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